Mechanical equilibrium of tectonic plates implies that lithospheric edge and body forces are balanced by forces arising from interaction with the underlying mantle. We use this quantitative physical relation to integrate existing modelling approaches of lithosphere dynamics and mantle flow into a new combined approach applied to the Eurasian Plate. By combining a thorough analysis of lithospheric forces with the requirement of torque balance we constrain the orientation of the torque on Eurasia arising from mantle tractions. We use this constraint to evaluate convective mantle flow models driven by tomographic or subduction history model anomalies and observed plate motion. Mantle forcing is considered through both shear at the bottom of the plate and induced dynamic topography. We find that instantaneous semi-analytic flow models without lateral viscosity variations generate tractions that meet the constraint from Eurasian lithosphere dynamics, but only for specific ranges of mantle flow parameters. Of the explored set of mantle anomaly models, only mantle flow models based on S-wave tomography anomalies can balance Eurasia for realistic viscosity profiles and velocity-density scaling. Choices in mantle density forcing and viscosity are crucial in that they govern the relative magnitude of tractions due to convective mantle flow ('active tractions') and resistive tractions due to plate motion ('passive tractions'). We find mechanical balance is only achieved for similar torque magnitudes of active and passive shear. The two shear contributions do however in no case balance each other and a considerable, dominant, net torque from edge forces is required to balance total mantle tractions and lithospheric body forces (LBFs). Our analysis provides a range of mechanically consistent total force sets acting on the Eurasian Plate. Using this result we find that mantle buoyancy forces and LBFs acting on Eurasia itself are important driving forces but do not drive Eurasia in the observed direction. Continental collision at Eurasia's southern boundary significantly deviates Eurasia northwards. Our combined torque balance approach, in which mantle tractions from convective mantle flow modelling are combined with explicitly applied edge forces, thus emphasizes the role of plate interactions to the dynamics of tectonic plates.
I N T RO D U C T I O N
The nature of mechanical coupling between the lithosphere and underlying mantle has been extensively debated since the advent of plate tectonics but is still poorly understood. Intrinsically linked to understanding lithosphere-mantle coupling is the question of which forces are the motor behind plate motion. Early studies on lithospheric driving forces, modelling coupling with the underlying mantle as passive drag against plate motion, identified slab pull and ridge push as the main plate driving forces (Forsyth & Uyeda 1975; Harper 1975; Richardson et al. 1979) . More recently, mantle flow studies have demonstrated the importance of active mantle flow induced by density anomalies throughout the mantle in driving tectonic plates (Ricard & Vigny 1989; Lithgow-Bertelloni & Richards 1998; Becker & O'Connell 2001) . How actual lithosphere-mantle interaction results from the above two contributions depends on mantle parameters like viscosity distribution and density anomalies driving the flow (Conrad & Lithgow-Bertelloni, 2002 Becker 2006) , which remain the subject of ongoing investigation Steinberger & Calderwood (2006) ; Simmons et al. (2009) [review article: Becker & Faccenna (2009)] .
In this study, we aim to evaluate lithosphere-mantle coupling for the Eurasian Plate by combining lithospheric and mantle dynamics. Our analysis is based on mechanical equilibrium of tectonic plates which implies that, through torque balance, lithospheric edge and body forces must be counterbalanced by external forces arising from interaction with the underlying mantle (Forsyth & Uyeda 1975; Chapple & Tullis 1977) . We build upon results presented by Warners-Ruckstuhl et al. (2010) (hereafter WR10) , who analysed the lithospheric forces on the Eurasian Plate to constrain the orientation of the torque resulting from mantle tractions at the base of the plate. This lithosphere-dynamic constraint on mantle tractions offers a simple test for models describing mantle flow. Interestingly, WR10 found that mantle tractions based on the classical approximation of uniform shear (anti)-parallel to absolute plate motion do not meet this constraint for Eurasia. Here, we evaluate whether tractions from convective global mantle flow models do mechanically balance Eurasia.
The constraint of torque balance can be seen as the basis in a hierarchy of constraints that should be met by models describing total sets of tectonic forces. Only models fulfilling torque balance can meaningfully be evaluated further based on observational constraints. Observed plate motions form a natural second step in constraining tectonic forces because they are sensitive to the integral of forces. Quantities that are sensitive to the exact distribution of the force field (e.g. stresses) form a third level of constraints. In this study, we focus on integrated quantities. In a follow-up study, we will proceed to evaluate successful models based on the observed stress field (Warners-Ruckstuhl et al., in preparation) .
We model the present mantle flow field by instantaneous flow in a viscous mantle driven by density anomalies based on various tomographic or geodynamic subduction-history models (Hager et al. 1985) . Studies following this approach have shown successful results in several global mantle convection applications like reconstructing plate velocities (Lithgow-Bertelloni & Richards 1998; Becker & O'Connell 2001; Zhong 2001) , lithospheric stresses (Steinberger et al. 2001; Lithgow-Bertelloni & Guynn 2004; Naliboff et al. 2009; Forte et al. 2010 ) and strain rate (Ghosh et al. 2008) . To obtain realistic tractions at the base of Eurasia, we impose observed plate velocities as boundary conditions in the mantle flow field. Resulting tractions at the base of the lithosphere are the sum of two contributions (Ricard & Vigny 1989; Lithgow-Bertelloni & Silver 1998; Steinberger et al. 2001) : (1) convective tractions generated by buoyancy forces inside the mantle (hereafter referred to as 'active tractions') and (2) resistance due to motion of the plates ('passive tractions'). The relative magnitude of both contributions indicates whether lithosphere-mantle coupling is dominated by drive from the mantle or from the plates and thus forms a good indication for the nature of the coupling. Because the ratio of active and passive tractions varies significantly depending on the assumed mantle buoyancy forcing and viscosity field it is not well constrained by mantle modelling alone. Here, we infer this ratio by making use of the external constraint of torque balance on the Eurasian Plate.
Torque balance has extensively been used to constrain tectonic forces previously. Studies doing so have generally focused either on the lithosphere, oversimplifying interaction with the underlying mantle (Forsyth & Uyeda 1975; Chapple & Tullis 1977; Wortel et al. 1991; Meijer & Wortel 1992; Govers & Meijer 2001; Liu & Bird 2002; Copley et al. 2010) , or on the convecting mantle, neglecting edge forces due to plate interaction or implementing them through simplified rheological properties of plate boundaries (Ricard & Vigny 1989; Lithgow-Bertelloni & Richards 1998; Zhong 2001; Steinberger et al. 2001; Lithgow-Bertelloni & Guynn 2004; Ghosh et al. 2008) . Both approaches yield a different application of the torque balance constraint. In the convecting mantle approach, in which plate velocities are solved for, torque balance is imposed on each plate taking into account passive tractions, active tractions and (in most cases) lithospheric body forces (LBFs). Edge forces result self-consistently from plate motion driven by gravitational forces, but are unlikely to be represented because they are governed by the ill-constrained imposed rheology of plate boundaries (Karpychev & Fleitout 1996; Čadek & Fleitout 1999) . Because they are not considered in the torque balance calculations, a zero net torque due to edge forces is implicitly assumed on each plate (Steinberger et al. 2001) . This restriction has no physical grounds. In the lithospherebased approach, both edge forces and basal (mantle) tractions are parametrized based on observed plate motion. This introduces forcing which is not directly gravitational and requires that directions of boundary conditions be specified explicitly. Magnitudes of the parametrized forces are solved for such that torque balance occurs between mantle tractions, LBFs and edge forces. Typically, net edge force torques are considerable.
In recent years, a few global scale studies have merged both approaches and emphasized the need to simultaneously address the lithospheric and mantle system. Becker & O'Connell (2001) introduced parametrized edge forces (including slab pull) in a convecting mantle approach, but found that they could not significantly improve modelled plate motions due to their strong (anti-) correlation on the global scale. Conrad & Lithgow-Bertelloni (2002) concluded that adding a direct mechanical pull due to slabs in a mantle flow study considerably improves the match to observed plate motion. Bird et al. (2008) solved for basal shear stresses generating observed plate velocities in a lithospheric model in which edge forces arise self-consistently and are governed by friction coefficients on plate boundaries. They found that torques due to basal tractions, LBFs and edge forces are of comparable magnitude on most plates. Iaffaldano & Bunge (2009) coupled a geodynamic convection model to the lithospheric model of Bird et al. (2008) and showed that edge forces can be of significant magnitude relative to driving mantle buoyancy forces and can considerably affect plate motion.
In this study, we interface lithospheric and mantle modelling on a single-plate scale. We opt for a torque balance approach in which edge forces are modelled explicitly (and therefore may yield a non-zero net torque), and mantle tractions arise from mantle flow modelling. The plate-scale approach allows us to solve for the forces transmitted from adjacent plates without the need to make assumptions regarding the ill-constrained rheology of plate boundaries. It also allows for a more detailed resolution of edge forces than has been possible using a global-scale approach (Becker & O'Connell 2001) . In our new single-plate approach, the interaction of the plate with the underlying mantle is exclusively represented by tractions from mantle flow models that contain active and passive tractions. The variability of these tractions is controlled by the uncertainty range of mantle flow parameters. A previous lithospheric-based single-plate model that incorporated active mantle tractions in a study of the North-American Plate (Humphreys & Coblentz 2007) concluded that mantle flow modelling results needed to be downscaled and complemented with a uniform shear to balance the plate and fit the observed stress field. In this study, we find that results from mantle flow modelling and lithospheric dynamics can be reconciled without the need to scale or add tractions.
We focus on the Eurasian Plate. Although for most tectonic plates on the Earth, the lithosphere-based torque balance method has produced force sets that were quite successful in reproducing the largescale stress field, this is not the case for Eurasia (Goes et al. 2000) . Convective mantle-based studies reproducing plate velocities or the first-order stress field on a global scale, did generally not produce particularly good results for the Eurasian part of their model (Steinberger et al. 2001; Lithgow-Bertelloni & Guynn 2004; Ghosh et al. 2008) . The difficulty of capturing the forces controlling Eurasia seems to indicate that its dynamics cannot be approximated by concentrating on either the mantle or the lithosphere, but is governed by a combination of the two. This makes Eurasia an ideal plate to study 3 lithosphere-mantle coupling and the related issue of plate driving forces.
Dynamics of the Eurasian Plate
The novelty of what we present does not lie in the individual assessment of the forces, for which we use existing modelling approaches, but in the way we merge these results. By linking mantle flow tractions at the base of the lithosphere with a detailed analysis of lithospheric body and edge forces we require consistency between results from mantle-and lithosphere-dynamics modelling. The requirement of torque balance then creates the possibility to constrain remaining model uncertainties. It enables us to confine the nature of lithosphere-mantle coupling by solving for the ratio of active versus passive tractions required to balance the lithospheric forces on the Eurasian Plate. Subsequently, we use this result to analyse plate driving forces. Our analysis provides a range of mechanically consistent force sets acting on the Eurasian Plate in which mantle tractions, LBFs as well as edge forces play an important role. We evaluate the relative contributions of the three types of forces to the dynamics of Eurasia. Finally, by evaluating the force sets in the light of observed motion of Eurasia we identify which role the different tectonic forces play in driving Eurasia.
L I T H O S P H E R E -DY N A M I C S C O N S T R A I N T O N M A N T L E F L O W

Torque balance
Three types of forces act on tectonic plates: (1) edge forces due to interaction of a plate with neighbouring plates, (2) LBFs resulting from horizontal pressure gradients inside the lithosphere, caused by lateral variations in topography and density structure inside the lithosphere and (3) tractions at the bottom of the plate due to interaction with the underlying mantle. Mechanical equilibrium of tectonic plates implies that the sum of all torques on a plate vanishes (Forsyth & Uyeda 1975; Chapple & Tullis 1977) . For a force distribution including N E edge force types i F E (with i = 1, ..N E ), N B LBF types i F B and mantle tractions F M :
where the integration is over the boundary area S, the bottom area A or the volume V of the plate, while r is the position vector from the centre of the Earth. Mantle tractions on the base of the lithosphere have shear and normal components, which both affect torque balance. The shear component directly contributes to the torque through the third integral of (1). The normal component induces dynamic topography that influences the gravitational potential energy (GPE) of the lithosphere (Hager et al. 1985; Lithgow-Bertelloni & Silver 1998) . Lateral variations in GPE of the lithosphere result from topography and density variations inside the lithosphere, and induce LBFs (Artyushkov 1973; Fleitout & Froidevaux 1982; Molnar & LyonCean 1988) . Forces arising from the normal component of mantle tractions are therefore coupled to forces caused by the density structure of the lithosphere and enter eq. (1) via the second integral.
Edge forces result from mechanical interaction with neighbouring plates. We model their directions explicitly, so that they are independent of modelled mantle tractions. WR10 analysed edge forces on the Eurasian Plate and confined the direction of the total edge force torque (first term of eq. 1) on Eurasia. This result is based on the direction of forcing, inferred from the nature and geometry of the plate boundaries, and is independent of the poorly known magnitude of the edge forces. The orientation of the total edge force torque constrains the sum of the remaining, mantle-flow-dependent terms of (1), and forms the basis for our evaluation of mantle tractions. Below, we therefore present a summary of the analysis of edge forces previously outlined by WR10.
Pull due to downgoing slabs has been treated in different ways in the past. Essentially an LBF, in mantle flow models slabs are part of mantle buoyancies driving the flow and affect both downgoing and overriding plate through induced viscous flow. This treatment, however, does not directly incorporate the mechanical pull exerted by the slab on the surface part of the downgoing plate (Becker & O'Connell 2001; Conrad & Lithgow-Bertelloni 2002) . In lithospheric torque balance models, slab pull has been incorporated as a quantified edge force. The only slab attached to the Eurasian Plate is the narrow section showing slab reversal in Taiwan and we choose to approximate its effect by incorporating it as part of the locally acting edge force.
Edge force torque
Following Forsyth & Uyeda (1975) , edge forces are subdivided into categories based on tectonic setting (Fig. 1) . Each edge force i F E is parametrized as a constant magnitude per unit length of boundary i F E that represents the average contribution of processes beyond the boundary domain, and a unit vector e i representing the relative motion direction. The torque contribution i T E by edge force i F E thus becomes
i T E is an unscaled torque parallel to i T E .
Our model boundary for the Eurasian Plate follows the major plate boundaries (Bird 2003) where edge forces are most clearly defined (Fig. 1) . We neglect features smaller than a few hundred kilometres and focus on the overall dynamics of Eurasia. By opting for a simple division of edge forces based on tectonic setting, we aim to represent the average force contribution of processes beyond our boundary domain. We distinguish five different edge force types ( Fig. 1): (1) transform fault resistance on the ridge and transform boundary (red line), (2) continental collision force on the segments colliding with Africa, Arabia, India and Australia (black triangles), (3) forces at trench roll-back margins (purple triangles), (4) forces at non-roll-back margins (orange triangles) and (5) free boundary between continental North America and Eurasia, where the exact boundary location is unclear both in location and nature due to negligible relative velocities and the absence of seismicity or recent tectonic features (black line). Assuming normal and shear stresses are transmitted equally from one plate to another, resistive forces (transform fault resistance, continental collision and forces at non-roll-back subduction margins) are modelled antiparallel to the direction of motion relative to the adjacent plate [NUVEL-1a (DeMets et al. 1994)] . The force at subduction roll-back segments is expected to be dominated by suction of the retreating slab and is modelled outwards and perpendicular to the trench. Edge force magnitudes i F E are poorly known and not imposed a priori.
Torque orientations i T E for the various edge forces are displayed in Fig. 2 . Geometrical properties of vector sums state that, for positive magnitudes i F E , the orientation of the total edge force torque (first term in eq. 1) lies within the area enclosed by greatcircles connecting the individual torques (WR10, red line in Fig. 2 ). The location inside this area depends on the relative magnitude of the different edge forces, and is further confined by physical 4 K. N. Warners-Ruckstuhl, R. Govers and R. Wortel (Grand 2002) , v-ρ scaling factor 0.2 and viscosity profile (Mitrovica & Forte 2004) . Positive ends of torque vectors are represented by their intersection with the globe in an upper hemisphere stereographic projection. Black diamonds: edge forces; Red: mantle shear; Black striped line is a great-circle segment connecting passive (star) and active (square) shear torques; it crosses the total shear torque (circle), which is the sum of the two. Triangles: LBFs; green: dynamic models, black: isostatically compensated models slightly modified after WR10 (ai: crustal Airy isostatic model, ci: isostatic Crust2.0 model). Blue crosses: sum of mantle shear and LBF torques, located on connecting great-circles segments (dotted lines). Red/blue zone represents physically acceptable range for the sum torque of all boundary forces and its antipodal area, respectively. Crosses in the blue zone represent force sets that enable torque balance of the Eurasian Plate. For abbreviations see Table A2 .
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restrictions therein. Based on the larger contact area per metre boundary we require: (1) continental collision boundaries to have a larger resistance per metre boundary than transform fault boundaries, and (2) continental collision resistance to be strongest on the contact segment with the Indian Plate. This restricts the orientation of the total edge force torque to the red area in Fig. 2 . Inversely, it implies that all orientations inside the red area can result from realistic edge force distributions along the plate's boundary. Because the system is underdetermined (seven unknown edge force magnitudes, three degrees of freedom), each specific torque orientation inside the red zone can result from different combinations of individual edge forces. Our approach does not require that we solve for magnitudes of individual edge force types.
Implications for mantle flow
To mechanically balance Eurasia, LBFs and mantle tractions must counterbalance the total torque due to edge forces (eq. 1). The orientation of the edge force torque is confined to the red zone of Fig. 2 so that the orientation of the sum torque of mantle shear and LBFs should be located inside the antipodal blue zone. This constraint is relatively tight so that it allows us to evaluate mantle flow models for their ability to generate torques that can balance the Eurasian Plate.
M A N T L E F L O W-D E P E N D E N T F O RC I N G O N E U R A S I A
Mantle tractions
We calculate global mantle flow in a radially varying viscous mantle following the semi-analytical, propagator matrix approach in a spherical shell (Hager & O'Connell 1981) . We use the graphical user interface SEATREE (Milner et al. 2009 ), which contains a modified implementation by Becker et al. (2006) based on Steinberger (2000) . Mantle buoyancy fields are deduced from tomographic or subduction history models that have been expanded in spherical harmonics up to degree 31, corresponding to a wavelength of 1300 km. Since we are interested in mantle tractions actually felt by the Eurasian Plate, we impose observed plate motions as boundary conditions. Because our mantle flow models do not contain lateral viscosity variations (LVVs), no toroidal flow is excited and no net rotation of the lithosphere with respect to the mantle can be sustained (O'Connell et al. 1991) . Any net rotation imposed on the lithosphere then simply results in a net rotation of the entire mantle with respect to the core, accommodated along the free-slip core-mantle interface. As a consequence, our modelled tractions at the base of the lithosphere reflect plate motions in a no-net-rotation (NNR) reference frame. In Section 8, we discuss the possible implications of net rotation of the lithosphere and show that it is not likely to significantly affect our conclusions.
We compute tractions at the base of a uniform 100-km-thick lithosphere for various mantle flow models, based on a variety of mantle buoyancy fields and (radial) viscosity profiles. The tractions from the mantle flow models are applied to a separate spherical thin shell lithospheric model for Eurasia (Fig. 1) , on which we perform the torque calculations. The model domain is discretized using triangular elements of 50-100 km side length, which was tested to be dense enough that results are insensitive to further grid refinement.
To illustrate the methodology, we present resulting tractions for an example mantle flow model, which is representative for the family of models that we consider. In the subsequent torque analysis (Sections 4 and 5), we will present results for a broader range of models obtained with alternative choices regarding viscosity and mantle buoyancy, and discuss the consequences for torque balance of the Eurasian Plate.
Our example model's buoyancy field is derived from tomographic S-wave model 'ngrand' (Grand 2002) . Seismic velocities are converted to densities assuming a constant velocity-density scaling (v-ρ scaling) of 0.2, which is around midway in the range suggested based on a thermal origin of wave speed anomalies (Steinberger & Calderwood 2006; Simmons et al. 2009 ). In the uppermost 250 km of the mantle beneath the continents, buoyancy variations due to temperature are probably largely cancelled by compositional variations (Goes & van der Lee 2002) . Following previous studies (Lithgow-Bertelloni & Silver 1998; Becker & O'Connell 2001; Steinberger et al. 2001) we therefore remove the top 250 km of forcing. The flow field and corresponding tractions are calculated using the radial viscosity profile of Mitrovica & Forte (2004) .
Resulting tractions at the base of the lithosphere are shown in Fig. 3 . For linear flow laws as assumed in this study, total tractions can be viewed as the sum of two contributions (Ricard & Vigny 1989; Lithgow-Bertelloni & Silver 1998; Steinberger et al. 2001): (1) convective tractions due to flow driven by buoyancy forces inside the mantle under fixed plates (which we will refer to as 'active tractions'; Fig. 3a) , and (2) tractions from flow driven by motions of plates over a other passive underlying mantle ('passive tractions'; Fig. 3b ). Passive tractions on Eurasia are dominated by the resistance to absolute motion of the plate itself. Active tractions are typically of shorter wavelength. They are governed by upwellings and associated outward flow at mid-oceanic ridges (with strongest amplitude near the Iceland Hotspot) and downwellings and associated inward flow at subduction and collision zones. For the assumed mantle flow parameters, active tractions strongly dominate over passive ones, with magnitudes on average three times higher. Consequently, total mantle tractions ( Fig. 3c ) do not visibly show the imprint of absolute plate motion. However, we note that relative magnitudes of passive and active tractions strongly depend on mantle buoyancy magnitude and viscosity (see Sections 4.2 and 4.3).
LBFs including dynamic topography
LBFs arise from lateral variations in geopotential energy (GPE) of the lithosphere caused by topography and density structure variations (Artyushkov 1973; Fleitout & Froidevaux 1982; Molnar & Lyon-Cean 1988) . They can be assessed when the density structure of the lithosphere is known. In the oceanic realm, cooling of the lithosphere causes the relatively well constrained ridge push (Lister 1975) . In continental interiors and on passive margins, LBFs are more uncertain because the vertical density distribution of the lithosphere is less well constrained.
Normal mantle tractions cause uplift or subsidence of the entire lithosphere and thus affect LBFs. Focusing on long wavelength (neglecting flexure), we can assume pressure equilibrium at the base of the lithosphere between overburden pressure and dynamic pressure from the underlying mantle. Lateral variations in observed topography then arise from three contributions: (1) variations in crustal thickness and/or density, (2) variations in lithospheric mantle thickness and/or density and (3) variations in normal stress from the underlying mantle.
A number of studies have estimated topography resulting from the different contributions with the aim to reconcile results with observed topography, and showed that large wavelength deviations 6 K. N. Warners-Ruckstuhl, R. Govers and R. Wortel from isostatic equilibrium could indeed be matched to dynamic topography estimates from mantle flow models (Forte & Perry 2000; Forte et al. 2010) . However, uncertainties in observations of lithospheric structure and mantle flow modelling are such that topography estimates are consistent only to first order and generally do not add up to observed topography (Panasyuk & Hager 2000; Simmons et al. 2007 ). This hampers the combination of crustal and lithospheric structure observations into one lithospheric density model with mantle flow modelling results, while remaining consistent with observed topography. Studies combining the calculation of LBFs with mantle dynamics have adopted different approaches to circumvent this problem. While some have neglected the contribution from dynamic topography (Becker & O'Connell 2001; Flesch et al. 2007) , most have modelled LBFs focusing on part of the available information. One possibility is to model LBFs using the observed crustal structure, and assume that deviations from isostatic equilibrium of the model are a result of the dynamic mantle (Lithgow-Bertelloni & Silver 1998; Ghosh et al., 2008 Ghosh et al., , 2009 Iaffaldano & Bunge 2009 ). Computed LBFs then include a dynamic component, but one that does not generally correlate with normal tractions from mantle flow modelling. Another possibility is to apply pressure variations from mantle flow modelling in combination with observed crustal thickness, and to adapt either crustal densities (Lithgow-Bertelloni & Silver 1998) or lithospheric mantle densities (Steinberger et al. 2001) to match the observed topography.
As we aim to evaluate mantle forcing on the lithosphere based on torque balance, it is important to assess the uncertainty in the torque generated by LBFs on the Eurasian Plate. We aim to cover the uncertainty range in lithospheric density structure by computing three different models. Each of the models assumes that the main uncertainty in defining the density structure of the lithosphere lies in a different unit, being the crust, the lithospheric mantle or dynamic mantle pressure at the base of the lithosphere. Fig. 4 illustrates the main elements of the three models. To remain consistent with the use of radially stratified mantle flow models, all three models assume a constant base of the lithosphere, taken to be 100 km. A short description of the models is given below, together with the presentation of the resulting GPE and force fields. We refer to the Appendix for computational details.
Model Mantle
Model 'Mantle' is based on dynamic topography deduced from normal mantle tractions at the base of the lithosphere from mantle flow modelling. On the continents and continental margins we assume that the part of the actual topography [ETOPO1 (Amante & Eakins 2009 )] that is not dynamically supported is isostatically C 2012 The Authors, GJI Geophysical Journal International C 2012 RAS Dynamics of the Eurasian Plate 7 compensated within the crust. We assume a constant crustal density and a temperature-dependent lithospheric density and compute crustal thicknesses that result in the observed topography. In the oceans, lithospheric structure and bathymetry is based on secular cooling and added to the dynamic topography component.
GPE and force distributions for model 'Mantle' depend on the normal component of mantle tractions and therefore vary as a function of mantle flow model. Results for our example mantle flow model are shown in Fig. 5(a) . GPE varies both as a result of strong topography (Tibetan Plateau) and mantle tractions (high at Iceland and low in eastern Europe, see Fig. 3c ). Variations due to both sources show approximately the same amplitude, indicating that radial pressure and crustal thickness variations have comparable influence on the force field. 
Model Crust2.0
Our second model is based on crustal thicknesses and densities of seismological model Crust2.0 (Bassin et al. 2000) and assumes that deviations from isostatic equilibrium are dynamically supported at the base of the lithosphere (Fig. 4) . This model is comparable to models presented by Lithgow-Bertelloni & Silver (1998) and Ghosh et al. (2008 Ghosh et al. ( , 2009 ). As in model 'Mantle', the lithospheric mantle density is temperature dependent (linear geotherm). To evaluate the compatibility of this model with mantle flow we compare the lithostatic pressures at the base of the lithosphere with normal stresses from mantle flow models (see the Appendix, Fig. A1 ). Although major features can be recognized in both models (e.g. the Iceland Hotspot and a large ring-like depression over central Eurasia), we find that differences are significant. Calculations based on an alternative crustal model Meier et al. (2007) lead to similar results. This confirms the need to investigate a range of models for the structure of the entire lithosphere, based on the different available data sets.
The resulting force distribution for model 'Crust2.0' (Fig. 5b ) shows an outward pattern around the main topographical expression of Eurasia, the Tibetan Plateau, in agreement with observed gravitational collapse of elevated topography. However, whereas model 'Mantle' shows lower forcing outside the main mountain areas, the 'Crust2.0' model induces significant horizontal forces in regions lacking topography variations, caused by crustal structure variations that are not expressed in the topography. GPE variations occur on length scales, which are considerable smaller than in the mantle flow-based model 'Mantle', and the resulting force pattern is more chaotic.
Model Lithodens
In the third model, we combine crustal thickness and density from 'Crust2.0' with normal mantle tractions from mantle flow modelling and assume that uncertainty in the factors governing topography is entirely concentrated in the lithospheric mantle. We calculate averaged densities of the lithospheric mantle so that observed topography is matched (Fig. 4) . This model is meant to capture the effects of variations in properties of the lithospheric mantle and is in essence comparable to the treatment of LBFs presented by Steinberger et al. (2001) . Both lithospheric thickness and density are known to vary laterally but remain uncertain (Artemieva, 2003 (Artemieva, , 2006 . Interpretation of seismic observations is ambiguous due to the combination of thermal and compositional effects (Forte & Perry 2000) . Together, lithospheric thickness and density determine the total weight of the lithospheric mantle, which is the relevant factor towards topography. Again, to remain consistent with the use of radially stratified mantle flow models, we model variations in this weight by laterally varying lithospheric mantle density while keeping the depth of the lithosphere fixed to 100 km. This simplified weight distribution will affect resulting LBFs, and should be seen as a first-order approximation towards a more realistic model accounting for variable lithospheric thicknesses. Calculated densities range from 3050 to over 3500 kg m −3 (Fig. A2 ) exceeding, as expected, the realistic range in parts of the domain. Because they give an indication of the mass of the lithospheric mantle high densities can also indicate a thick lithospheric mantle. Qualitative comparison of calculated densities with lithospheric thicknesses presented by Artemieva (2006) shows that 'heavy' lithospheric mantle in Siberia and Scandinavia does correspond with regions of thick lithosphere. The low weight of lithospheric mantle underneath the Tibetan Plateau, however, does not correlate with thin lithospheric mantle. 
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GPE and force distributions for model 'Lithodens' depend on the mantle flow model and we again present results for our example model. The resulting GPE field (Fig. 5c ) resembles that of model 'Crust2.0'. However, lateral variations are attenuated, mainly in southeast Asia and in the Atlantic. Generated forces are therefore considerably less chaotic.
T O RQ U E B A L A N C E A N A LY S I S
We now proceed to evaluate whether our independent estimates of the various forces are consistent in that they balance the Eurasian Plate. We will show that this depends on the assumed mantle flow model. In this section, we concentrate on mantle flow models based on tomographic model 'ngrand'. First, we illustrate the torque balance analysis methodology by presenting results for our example mantle flow model. Subsequently, we investigate how torque results are affected by uncertainties in the conversion of seismic wave speed anomalies to density perturbations (v-ρ scaling) and the (radial) viscosity profile, and analyse how this affects the ability of mantle tractions to balance lithospheric forces on the Eurasian Plate. In Section 5 we subsequently analyse mantle flow models based on other mantle anomaly models.
Example mantle flow model
Shear resulting from active and passive mantle flow yields torques represented by the red star and square, respectively, in Fig. 2 . The total mantle shear torque (red dot) is the sum of the two separate contributions and therefore lies on the connecting great-circle. Its location is closer to the active shear torque which is of higher magnitude than the passive shear torque. Torques resulting from the three LBF models (LBF torques, green triangles in Fig. 2 ) have quite similar orientations despite the differences in force pattern (Fig. 5) . As concluded by WR10 for the case of isostatic models, the differences seen in force pattern occur on a small length scale compared to the plate size and cancel out upon integration. Torques for the isostatic models presented by WR10 are included for completeness in Fig. 2 (slightly altered due to update in some modelling parameters, black triangles).
To mechanically balance edge forces on Eurasia (eq. 1), mantle shear and LBFs must together produce a torque that is oriented inside the blue zone of Fig. 2 (see Section 2). This turns out to be the case for all three LBF models (blue crosses in Fig. 2) . Tractions generated by our example mantle flow model thus balance lithospheric forces on Eurasia, indicating that independent estimates of edge forces and mantle tractions can indeed be reconciled into a total force set governing the dynamics of Eurasia. We proceed to evaluate the sensitivity of mantle flow models regarding their ability to balance Eurasia on the assumed mantle flow parameters.
Effect of v-ρ scaling factor
Conversion of seismic wave speed to density based on mineral physics laws is not straightforward as compositional and thermal effects are difficult to separate. Compositional effects are thought to be concentrated in the top part of the mantle, where cratonic roots are chemically distinct from the surrounding mantle (Jordan 1978; Forte & Perry 2000) , and in the lowermost part of the mantle (Karato & Karki 2001; Steinberger & Holme 2008) . It is therefore quite common in mantle flow modelling to assume a thermal origin for all anomalies and to use linear conversion between wave speed anomalies and densities. Most studies thereby remove density forcing in the top 200-300 km of the mantle to exclude the effect of cratonic roots (Lithgow-Bertelloni & Silver 1998; Becker & O'Connell 2001; Steinberger et al. 2001) , where buoyancy variations due to temperature probably are largely cancelled by compositional variations (Forte & Perry 2000; Goes & van der Lee 2002) . With the assumption of a thermal origin of all anomalies, v-ρ scaling factors for S-wave speeds have been estimated to lie between 0.10 and 0.30 (Karato & Karki 2001; Steinberger & Calderwood 2006; Simmons et al. 2009) .
As a first-order approximation, we investigate the influence of uncertainties in v-ρ scaling on mantle tractions and resulting torques by assuming a constant scaling factor for the entire mantle, but removing forcing in the top 250 km. Active tractions magnitudes scale linearly with v-ρ scaling factor, whereas passive tractions are independent of mantle forcing and thus of v-ρ scaling. As a consequence, the relative contributions of active and passive shear to total mantle shear depends on the assumed v-ρ scaling. This is expressed in the orientation of the mantle shear torque, which location varies along the great-circle connecting the active and passive shear torques as a function of their relative magnitudes (Fig. 6 ). Mantle shear torque orientations for v-ρ scaling factors ranging between 0.10 and 0.30 form a 60
• great-circle segment. To evaluate the simplified v-ρ scaling adopted above, we compare results with torques obtained with (1) anomalies in the top 250 km of the tomographic model included and treated as fully thermal, (2) the use of the 1-D profile of Simmons et al. (2009;  Fig. 7a ), which has been developed through simultaneous inversion of tomographic and geodynamic models. This profile allows for variations of v-ρ scaling factor with depth, as would be expected in case of a depthdependent compositional component in wave speed anomalies. We find torque orientations of active shear are slightly altered when the top 250 km of forcing is added to the mantle buoyancy field driving the flow. Total mantle shear torques for the assumed v-ρ scaling factor then form a segment along a slightly different great-circle, parallel to results for models without forcing in the top part of the mantle (Fig. 6 ). Results obtained with the depth-dependent scaling factor of Simmons et al. (2009) are in good agreement with the constant scaling factor results (red dot in Fig. 6 ). In accordance with Bull et al. (2010) , the pattern of mantle flow thus seems relatively independent of v-ρ scaling. Overall, variations in mantle shear torque orientation perpendicular to the great-circle trend are largely inferior to variations parallel to it, and are thus dominated by the influence of v-ρ scaling on the relative magnitude of passive versus active shear. This effect is well captured by assuming a constant v-ρ scaling factor and varying its magnitude.
LBFs for models 'Mantle' and 'Lithodens' depend on the normal component of mantle tractions and are thus affected by the assumed v-ρ scaling. Torque results prove equally sensitive to the magnitude of v-ρ scaling factor as to whether or not the top 250 km is included in the forcing (Fig. 6 ). This is in accordance with Simmons et al. (2009) , who showed dynamic topography to be particularly sensitive to lateral variations in v-ρ scaling factor for this top part of the Earth due to compositional effects. Sensitivity of the LBF torque to v-ρ scaling, however, is strongly inferior to that of the mantle shear torque, and is therefore unlikely to significantly influence the ability of a mantle flow model to balance Eurasia.
The dependence of torque results on v-ρ scaling has consequences for the possibility of torque balance on Eurasia, which is Table A2 . +top stands for models including density forcing in top 250 km. Lines give torque orientation ranges for constant v-ρ scaling factor range of 0.10-0.30. Red dot, green/light blue triangles show results for depth-dependent (dd) scaling factor (Simmons et al. 2009). only fulfilled for a particular range of v-ρ scaling factors. We find similar v-ρ scaling solution ranges for models in or excluding forcing in the top 250 km (Fig. 8) . We also find that results do not significantly depend on the LBF model. Our results indicate that the simplification of a constant scaling factor is warranted for the purposes of this study, and that sensitivity to the top 250 km of forcing is limited. In our subsequent analysis we therefore represent the uncertainty in v-ρ scaling by varying the magnitude of a constant scaling factor and excluding the top 250 km of forcing. Table A2 .
Effect of viscosity
Viscosity is an important parameter governing mantle flow, but still carries large uncertainties, both radially and laterally. In this study, we restrict ourselves to radially symmetric viscosity profiles, which allow for mantle flow calculations using a semi-analytic approach (see Section 8 for a discussion of possible implications of this assumption). We investigate the effect of mantle viscosity on torque results by working with two types of viscosity profiles. We use four-layer models, consisting of a lithosphere, upper mantle, transition zone and lower mantle, to systematically study the effect of variations in mantle viscosity. Dark and light blue lines in Fig. 7(b) represent the minimum and maximum values assumed for the different layers, which are inferred from Steinberger & Calderwood (2006) . Furthermore, we use two radial viscosity profiles that were developed using geodynamic modelling and were shown to reproduce surface observables: profile MF (Mitrovica & Forte 2004 ), which we have used so far, and profile SC (Steinberger & Calderwood 2006, Fig. 7b ).
Viscosity affects the flow response to buoyancy forces and to imposed plate motion differently and therefore influences the relative weight of active versus passive tractions generated by mantle flow (Behn et al. 2004; Naliboff et al. 2009 ). Active tractions result from Stokes flow and are therefore sensitive to viscosity distribution but not to the absolute viscosity value. Passive tractions, on the other hand, can be approximated by Couette flow, and depend on the absolute magnitude of viscosity. Shear torque results obtained with the four-layer viscosity models reflect these relations: the magnitude of the active shear torque is sensitive to the ratio of lower-and upper-mantle viscosity (Fig. 9a) , whereas passive shear magnitudes are sensitive to upper-mantle viscosities (Fig. 9b) . Scatter along the trends show second-order sensitivity to the viscosity of the transition zone. Passive shear magnitudes show a stronger dependence on viscosity than active shear so that the magnitude of the total mantle shear torque can approximately be related to the value of upper-mantle viscosity alone (Fig. 9c) .
Torque orientations for passive and active shear (brown stars/blue squares in Fig. 10 ) vary slightly and moderately, respectively, as a function of viscosity profile, indicating that the pattern of mantle traction is also somewhat sensitive to viscosity. Orientations for total mantle shear torques vary strongly (red lines for v-ρ scaling factor range 0.10-0.30), reflecting the differences in ratio of passive and active shear torque magnitudes between models. The yellow zone in Fig. 10 is a schematic representation of the possible orientation of the total mantle shear torque for the four-layer viscosity models. Its elongated form following the great-circle trend connecting active and passive shear torques indicates that the dependence of mantle shear torque orientation on viscosity is dominated by the relative weight of the two contributions rather than by the pattern of the tractions. Results for the two more elaborate viscosity profiles MF and SC (thick lines in Fig. 10 ) are similar to the trend of the yellow zone and confirm this finding.
LBF torque orientations for model 'Mantle' and 'Lithodens' are somewhat sensitive to mantle viscosity (green and blue triangles, respectively, in Fig. 10 for v-ρ scaling factor of 0.30), but do not show the strong dependence displayed by the mantle shear torque. The effect of viscosity on the ability of mantle flow models to balance the Eurasian Plate is therefore mostly expressed through its influence on the torque magnitudes of passive and active shear. Because this effect is similar to that of v-ρ scaling (see Section 4.2) they can counterbalance each other. For every viscosity model a range of v-ρ scaling factors can be identified that allows for torque balance on Eurasia. We find that this range, which we will refer to as the torque balance solution range ('TBSR'), varies with the product of upper-and lower-mantle viscosity (Fig. 11) . Results for the four-layer viscosity profiles (black, yellow and red stripes, depending on the LBF model used in the torque balance calculations) form a well-defined linear trend. Because all models are derived from the same tomographic model, v-ρ scaling factors yield a direct measure of the magnitude of the buoyancy forces that drive active mantle flow. Fig. 11 then visualizes a trade-off relation between viscosity and the magnitude of mantle buoyancy forces. The more viscous the mantle, the higher buoyancy forcing is required to balance Eurasia. A more viscous upper mantle increases passive shear, thus requiring stronger active flow to counteract its effect. A more viscous lower mantle is more difficult to bring into motion and requires higher forcing to generate the same amount of flow. Torque balance of Eurasia thus puts a strong constraint on the combination of mantle viscosity and the magnitude of mantle buoyancy forces. 'TBSR' results show a similar trend for the three LBF models. Overall, slightly weaker mantle buoyancy forcing is required in case of LBF models 'Mantle' and 'Lithodens' than for model 'Crust2.0' (Fig. 11 ). These models include radial traction components from mantle flow models and the downhill forces caused by dynamic topography effectively amplify forcing due to active shear. The sensitivity of 'TBSR' results to the LBF model, however, is strongly inferior to the sensitivity to viscosity. Our conclusions regarding the ability of mantle flow models to balance Eurasia are therefore not affected by the choice of LBF model, and we conclude our results are independent of uncertainties regarding compensation of topography at depth. In our further analysis, we will therefore present 'TBSR' results that encompass the ranges for the three individual LBF models.
'TBSR' results for viscosity profiles SC and MF deviate from the trend of the four-layer viscosity models (Fig. 11) . Although their averaged upper-and lower-mantle viscosities are relatively high, weak mantle buoyancy forcing is required for torque balance. Fig. 9 shows that active shear torque magnitudes for models SC and FM fit perfectly with the four-layer profiles trend, but passive shear torque magnitudes deviate significantly. Passive shear depends on the viscosity of the mantle just below the moving plates and is not well represented by average upper-mantle viscosities. Low asthenosphere viscosities in profile MF, and to some extent in profile SC, reduce passive shear relative to four-layer profiles with corresponding average upper-mantle viscosities. As a result, torque balance is achieved for lower active shear magnitudes, and thus lower v-ρ scaling factors. Although four-layer viscosity profiles give similar representation of active mantle flow than more elaborate depthdependent viscosity profiles flow response to plate motion differs. Details of the viscosity profile in the uppermost mantle therefore have significant influence on the ability of a mantle flow model to balance the Eurasian Plate and need to be considered.
Overall, v-ρ scaling factors that balance Eurasia fall above the range proposed by mineral physics (grey band in Fig. 11 ) for most of the viscosity range. We find that for mantle flow models based on tomographic model 'ngrand' only weak rheologies produce flow that can be reconciled with Eurasian lithospheric dynamics. Partly, this can be attributed to the absence of a low-viscosity asthenosphere in the four-layer viscosity profiles. We will, however, show in the next section that this result also agrees with the low averaged anomaly magnitudes of tomographic model 'ngrand' relative to other models. 
R E S U LT S A S A F U N C T I O N O F M A N T L E A N O M A LY M O D E L
Tomographic studies have derived mantle velocity anomalies using different kinds of seismic measurements and techniques [review article: Romanowicz (2003) ]. Although these models show considerable correlation on wavelength longer than 5000 km, they differ in their smaller scale features (Becker & Boschi 2002) . Geodynamic density models derived from history of subduction are an alternative to tomographic models (Lithgow-Bertelloni & Richards 1998). These models lack contributions from upwelling material but have been shown to successfully reproduce plate motion (Becker & O'Connell 2001; Steiner & Conrad 2007 ). Here, we evaluate mantle anomaly models on their ability to produce flow that can balance the Eurasian Plate. We analyse how mantle shear and LBF torques depend on the mantle anomaly model used to infer buoyancy forcing and investigate which mantle flow models meet the lithosphere-dynamics constraint outlined in Section 2. We incorporate our previous findings regarding the influence of v-ρ scaling and viscosity.
We consider six S-wave tomographic models [S20RTS (Ritsema & van Heijst 2000) , ng (Grand 2002) , tx (Simmons et al. 2007) , saw (Megnin & Romanowicz 2000) , wmani (Kustowski et al. 2008 ) and sb2l18 ], three P-wave tomographic models [kvdh (Li et al. 2008) , vox (Boschi et al. 2007 ) and bdp (Antolik et al. 2001) ] and two geodynamic density models inferred from subduction history [lrr98d (Lithgow-Bertelloni & Richards 1998) and stb00d (Steinberger 2000) ]. Tomographic models are converted to densities using a range of constant v-ρ scaling factors and excluding forcing in the top 250 km (Section 4.2). We will refer to resulting mantle shear torques by the name of the model used for density forcing. In accordance with our finding that details of viscosity distribution are significant (Section 4.3), we confine ourselves to viscosity profiles MF and SC.
Resulting torque orientations for viscosity profile MF are shown in Fig. 12 . Results for viscosity profile SC show the same characteristics. Active shear torques on Eurasia differ considerably for the various models and group by origin type. This agrees with conclusions from Becker & Boschi (2002) , who analysed various tomographic and subduction-history models and concluded that both Sand P-wave models show a higher level of correlation with members of their own type than with each other. Torque orientations for the subduction-history models compare significantly better to S-than P-wave models.
Total mantle shear torque orientations for each tomographic model are a linear combination of the corresponding active shear torque with the (model independent) passive shear torque, and vary along the connecting great-circles as a function of v-ρ scaling (Section 4.2). Subduction-history models directly describe density anomalies and should not require scaling. Results for S-wave tomographic models form a narrow band along the great-circle trend (Fig. 12) , similar to results as a function of viscosity (Section 4.3). This reflects differences in anomaly magnitude of the various models; models generating stronger active tractions produce total shear torques that lie further away from the passive shear torque. The spread perpendicular to the great-circle is relatively small, indicating that uncertainties in shear pattern are of second order, at least for the long wavelengths to which torques are sensitive.
LBF torques for models 'Mantle' and 'Lithodens' (green/light blue triangles in Fig. 12 ) align along an elongated zone. The torque distribution as a function of mantle anomaly model shows similarity to that of the active shear torque. As highs in dynamic topography correspond to upwellings, around which flow is outwardly directed, and lows to downwellings, with inward directed flow, downhill forces due to dynamic topography tend to follow the same pattern as mantle shear.
Combining the above results with torques for edge forces (Section 2.2), we can assess the total torque on the Eurasian Plate as a function of mantle anomaly model, and evaluate for which models torque balance is achieved. We find that mantle flow models driven by P-wave anomalies cannot balance the Eurasian Plate, regardless of the magnitude of buoyancy anomalies (and thus of v-ρ scaling factor) or assumed viscosity profile. Our findings are similar to Becker & O'Connell (2001) , who found that P-wave models lead to bad predictions of plate velocities, unless combined with additional buoyancy forcing from upper-mantle slabs. The failure of P-wave models could be due to a lack of radial resolution in the upper mantle, causing seismically fast structures to mostly correlate with cratonic roots smeared out to great depth (Becker & O'Connell 2001; Becker & Boschi 2002) . Additionally, our assumption of a constant scaling factor based on thermal origin of wave speed anomalies is likely to be inappropriate for P waves, which are particularly sensitive to compositional anomalies (Karato & Karki 2001) .
The possibility of torque balance on Eurasia with mantle tractions driven by S-wave anomalies depends on viscosity and v-ρ scaling factor. For each S-wave tomographic model, torque balance of Eurasia is possible for a particular combination of viscosity and v-ρ scaling (Fig. 13a) . Models with viscosity profile SC, which contains a stiffer asthenosphere, require higher v-ρ scaling factors than models with viscosity profile MF. The pattern as function of mantle anomaly model, however, is similar for both viscosity distributions. We find that all considered S-wave models can balance Eurasia in combination with v-ρ scaling magnitudes that fit estimates from mineral physics (grey range in Fig. 13a ) for at least one of the two viscosity profiles.
Subduction-history models lrr98d and stb00d both generate active shear that is too dominant to fulfil the torque balance constraint. Assuming uncertainties in anomaly amplitudes are stronger than uncertainties in anomaly pattern, we have solved for a uniform scaling factor that downscales anomaly magnitudes to allow for torque balance. Results are presented alongside v-ρ scaling factors of S-wave models in Fig. 13(a) .
The trade-off illustrated by Fig. 13(a) between mantle anomaly model and v-ρ scaling factor suggests that the main uncertainty due to mantle anomaly models arises from uncertainty in the magnitude of anomalies rather than in their pattern. This makes sense because tomography anomaly amplitudes are strongly affected by choices made regarding damping in the inversion. To assess whether this is truly the case, we compare the average anomaly magnitude of the different mantle anomaly models. Following Becker & Boschi (2002) , we quantify the average magnitude of a tomographic/subduction-history model by the depth-averaged rms power of the spherical harmonic coefficients [Fig. 13b , for more detail see Becker & Boschi (2002) ]. Multiplication of the depth average rms power with the applied v-ρ scaling factor then yields the average driving density anomaly (compared to Preliminary Reference Earth Model) for that specific mantle flow model.
Results for average density anomaly providing torque balance as a function of anomaly models are given in Fig. 13(c) . We find that differences between models are indeed reduced after individual scaling from velocity to density. However, differences still persist. Model tx especially requires stronger density anomalies to balance Eurasia than other models on average. Because the effect of magnitude differences between models has been removed, remaining differences are caused by their specific patterns. Therefore, although uncertainty in mantle buoyancy pattern has a small effect on torque balance compared to uncertainty in buoyancy magnitude, we find it cannot be dismissed. Trade-off between mantle anomaly model and v-ρ scaling and/or viscosity is only partial. This implies that the choice for a specific anomaly model remains relevant for mantle flow calculations, not only on regional but also on plate-scale quantities.
In summary, we find that the mantle flow models based on Swave tomographic models balance the Eurasian Plate for realistic viscosity profiles and v-ρ scaling. The subduction history models drive mantle flow that is too strong to fulfil the torque balance constraint, and can only balance Eurasia if downscaled. Mantle flow driven by a buoyancy field derived from the P-wave models produces tractions that do not balance the Eurasian Plate, regardless of viscosity or v-ρ scaling.
N AT U R E O F L I T H O S P H E R E -M A N T L E C O U P L I N G
The magnitude of active versus passive shear stresses at the base of the lithosphere indicates whether lithosphere-mantle coupling is dominated by drive from the mantle or from the plates. This ratio is not well constrained through mantle modelling alone, because it varies significantly depending on the assumed mantle buoyancy forcing and viscosity field. Fig. 14 shows that for the Swave anomaly-based models considered in this study (all based on physically realistic v-ρ scaling and viscosity values) torque ratios of passive and active shear range between 0.25 and 2.7. Models thus vary between situations in which lithosphere-mantle interaction under Eurasia is governed almost entirely by plate motion or almost entirely by direct forcing from active mantle convection.
In the previous section, we have shown how uncertainties in mantle buoyancy and viscosity affect the ability of mantle flow to balance the Eurasian Plate through their effect on the relative magnitudes of active and passive shear stresses. Models that successfully balance Eurasia can therefore provide insight into the nature of lithosphere-mantle coupling. We find that successful models are all characterized by active/passive torque magnitude ratios between 0.54 and 1.2 (bright coloured selection in Fig. 14) . The torque balance constraint thus considerably confines the relative importance of plate-versus mantle buoyancy-driven shear stresses under the Eurasian Plate. Balance occurs only if the contribution of passive shear to the dynamics of Eurasia is comparable to that of active shear. Because the active and passive shear torques are not antipodal (Fig. 12 ) their comparable magnitudes do not mean they entirely balance each other. The magnitudes of the total mantle shear torques (passive + active) are about half that of the two separate components, and require significant contributions from LBFs and edge force to be balanced (Section 7.1).
Our comparison of passive and active shear magnitudes is based on torques, which are integrated values over the area of the Eurasian Plate. Because the pattern of active shear is of considerably smaller wavelength than that of passive shear (Fig. 3) , we find that locally, active shear stresses may be three to four times larger than passive shear stresses. Therefore, tractions at the base of the lithosphere are dominated by active mantle flow on a local scale, although tractions arising from resistance to plate motion are of the same importance on the plate scale.
Although Eurasian torque balance considerably confines the relative magnitudes of plate-and mantle buoyancy-driven shear stresses, some uncertainty remains because results depend on the tomographic model driving the flow (Fig. 14) . As shown in Section 5, buoyancy magnitude differences between models can be compensated by adapting v-ρ scaling, but differences in the pattern of anomalies remain relevant. As a result, some scatter arises in the orientations of the active shear torques of the various models (Fig. 12) . Models which active shear torques are located farther east require a relatively stronger passive shear component to balance Eurasia.
Our results indicate that the contribution to the dynamics of Eurasia of passive, plate motion-driven, shear stresses is comparable to that of active, mantle buoyancy-driven, shear. Active tractions are expected to be of similar magnitudes globe wide. Passive tractions, however, are mostly governed by the absolute velocity of the topping plate. Because Eurasia is a relatively slowly moving plate, we expect passive shear stresses under faster moving plates to be considerably stronger and therefore to dominate over active shear stresses. This could explain how the dynamics of certain plates could be successfully described including an approximation of mantle tractions as a uniform shear against the direction of absolute plate motion (Cloetingh & Wortel 1986; Wortel et al. 1991; Copley et al. 2010) .
W H I C H F O RC E S D R I V E E U R A S I A ?
Relative importance of mantle shear, LBFs and edge forces
Our analysis provides a range of mechanically consistent sets of forces acting on the Eurasian Plate. This forms a strong physical basis to evaluate the role of different tectonic forces for the dynamics of Eurasia. We consider force sets including the different combinations of mantle flow and LBF models that have been shown to allow for torque balance (Section 5). Each combination thereby requires a specific balancing torque contribution from edge forces (one specific orientation located inside the red zone of Fig. 2) . We note that because the system is underdetermined (seven unknown edge force magnitudes, three degrees of freedom), a specific edge force torque can result from different force distributions along the plate's boundary, which we do not specifically solve for.
We analyse the relative importance of mantle shear, LBFs and edge forces on Eurasia's dynamics by comparing the torque magnitudes of the individual force types with their scalar sum (the vector sum of the torques is implicitly zero because they form a balanced set). We find that results are very similar for all models: the edge force torque is consistently the strongest (Fig. 15) . Edge forces account for almost half of the total torque magnitudes, regardless of the assumed mantle flow and LBF models. This is caused by the Table A2 ).
torque's orientations (Fig. 2 and Fig. 12) . For all models, orientations of mantle shear and LBF torques are considerably closer to each other than to the total edge force torque. Therefore their contributions add up constructively: |T ms | + |T LBF | ∼ |T ms + T LBF | and balancing edge forces hence contribute almost half of the total. The important role we find for edge forces in the dynamics of Eurasia agrees with results presented by Bird et al. (2008) , who found that net edge force torques (referred to as side strength) are comparable to or stronger than mantle shear and LBF torques on most plates with large surface areas. The largest contribution to Eurasia's dynamics is thus provided by forces that are transmitted across plate boundaries.
The relative importance of mantle shear and LBFs is less well resolved because it depends on the assumed mantle flow and LBF models (Fig. 15) . On average, the mantle shear torque is somewhat stronger, but we find mantle shear versus LBF torque magnitude distributions ranging from 75/25 per cent to 35/65 per cent. We note that forcing from mantle buoyancy forces underneath the lithosphere is represented in both terms: shear stresses contribute directly to the mantle shear torque whereas normal stresses affect LBFs. Generally, force models including dynamic topography directly from mantle flow modelling (based on LBF models 'Mantle' and 'Lithodens') have a relatively stronger LBF contribution than models that do not (based on LBF model 'Crust2.0'). As mentioned earlier, radial traction components in these models cause downhill forces that effectively amplify forcing due to active shear, thus requiring lowermantle buoyancy forcing (and thus mantle shear) to balance the plate (Fig. 11) . Our results encompass results found by different mantle convection-based studies. Neglecting dynamic topography, Becker & O'Connell (2001) found plates are driven for 70 per cent by mantle buoyancy forces and 30 per cent by LBFs, similar to earlier findings by Lithgow-Bertelloni & Richards (1998). Ghosh et al. (2008) pointed out that viscosity influences the relative strength of mantle shear and LBFs and found best matches to strain rate orientations for fifty-fifty forcing.
Overall, our analysis emphasizes the role of plate interaction in the mechanical balance of tectonic plates. Although our results regarding the relative weight of mantle shear and LBF are comparable to results from mantle convection-based studies, we find an additional and dominant net-contribution from edge forces is required to balance Eurasia. Implicitly imposing a zero net torque contribution from edge forces, common in global models that solve for plate velocities, may be inappropriate.
Eurasian Plate motion
The absolute motion of a plate is governed by the sum torque of the driving forces acting on it. With no significant slab pull and an averaged mantle shear not aligning with absolute plate motion (Warners-Ruckstuhl et al. 2010) , identification of a main driving force for the Eurasian Plate is not straightforward. To assess which forces contribute to drive the plate, we compare our torque results with the orientation of the Euler pole of absolute plate motion. The sum torque of driving forces should parallel this Euler pole to drive Eurasia in the correct direction. Because our rheology lacks radial viscosity variations, net rotations of the lithosphere with respect to the mantle cannot be excited (O'Connell et al. 1991) and the nonet-rotation reference frame (Argus & Gordon 1991 ) is appropriate (for implications see Section 8).
A summary of our results for the orientation of the various model forces is displayed together with the Euler pole of absolute motion of Eurasia in Fig. 16 . Ellipses represent the uncertainty range of the mantle flow-dependent forces. Only models that allow for torque balance are represented. The orientation of the Euler pole is not matched by one single torque and we cannot identify a single dominant driving force for Eurasia. Although the orientation of the active shear torque, which is the most prominent expression of mantle buoyancy forces, is consistent with that of a plate driving force, it does not explain observed plate motion on its own. As expected, passive shear is clearly a resistive force, with a torque orientation almost antipodal to absolute motion.
Gravitational forces acting directly on the Eurasian Plate are the most obvious driving forces. The sum torque of LBFs (including ridge push) and active shear is confined to orientations within the black shaded area in Fig. 16 . Models based on realistic v-ρ scaling values (within the range suggested by mineral physics of 0.10-0.30) are restricted to the black area. The zones do not coincide with the Euler pole illustrating that the two forces do not collaborate to drive Eurasia in the observed direction. An additional force must therefore play a role. The plate's motion resulting from active shear and LBFs can be deviated towards the observed direction by a torque with an orientation inside the red shaded area of Fig. 16 . The figure illustrates that such a torque arises from collision forces at Eurasia's southern boundary. We find either uniform collision forcing along the southern continental boundary, or a force distribution generating a similar torque but allowing for stronger collision along the Indian boundary, can push the plate towards its observed trajectory. This important role for edge forces in governing the absolute motion of Eurasia agrees with results presented by Iaffaldano & Bunge (2009) , who found in a global analysis that a considerable part of total plate motion changes during the last 10 Myr could be explained by changes in force transmission across plate boundaries.
The observed direction of motion is only achieved for certain magnitudes of collision forces and thus provides a constraint on this magnitude. Depending on the mantle flow and LBF model we find that an average continental collision force of 2.7-5.0 × 10 12 N m −1 is required to match the observed motion direction, which is the equivalent of 27-50 MPa stress along a 100-km-thick boundary. Assuming contact area and forces to be twice as large on the collisional segment with India as on the rest of the boundary, we find force magnitudes of 4 to 6 and 2 to 3 × 10 12 N m −1 , respectively, corresponding to stresses of 20 to 30 MPa. Those values agree with findings by Copley et al. (2010) , who analysed the forces governing the dynamics of the Indian Plate and found collision forces on the contact with the Eurasian Plate of 5 to 6 × 10 12 N m −1 . Becker & Faccenna (2011) recently proposed that strong active mantle tractions related to an active up-welling push the Arabian and Indian plates northwards. This could provide the engine behind the large collisional forces that we find are crutial to the dynamics of the Eurasian Plate.
M A I N U N C E RTA I N T I E S
Finally, we consider the uncertainties that arise from assumptions made in the assessment of edge forces, LBFs and mantle tractions, and discuss how they may affect our conclusions.
Edge forces
The confinement of the orientation of the total edge force torque (red area in Fig. 2 , which we will refer to as solution area) is crucial for the resulting constraint on mantle forcing. We therefore evaluate how uncertainties in the modelling of edge forces may affect the orientation of the total edge force torque.
Our plate scale model is based on a simplified representation of the shape and nature of Eurasia's Plate boundaries. For each plate boundary type, we work with a net force that represents the sum of force contributions by processes at and beyond the domain boundaries. We solve for the average magnitude of this net force using torque balance. The direction of this net force varies with the location along the plate boundary. In our model, this direction is imposed based on the underlying force contribution that is deemed to be the most important. Different perspectives/choices are possible, and a main uncertainty thus arises from the direction of forcing imposed in the model. Below, we therefore evaluate changes in the solution area for the net edge force torque by assessing the sensitivity to alternative choices for all plate boundary types.
Roll-back margins
Roll-back margins are expected to be dominated by an outward pull perpendicular to the boundary from the retreating plate, but likely experience resistance at the plate contact antiparallel to the direction of relative plate motion. In the case of oblique subduction, which is common along Eurasia's boundaries, considerable resistance rotates the net forcing direction. Introducing resistance at roll-back margins in our model shifts the roll-back torque orientation southwards; in the extreme case of equal driving and resistive forcing magnitudes the torque shifts to a position close to the non-rollback margins torque (Fig. 2) . This effectively narrows the solution area of the total edge force. Because balance of mantle tractions and LBFs consistently requires an edge force torque oriented in the most southern part of the solution area, uncertainty in the direction of forcing at roll-back margins is not likely to affect our conclusions.
Continental collision and non-roll-back margins
Stress transmission along plate boundaries may differ between shear and normal components, potentially rotating resisting forces at collisional boundaries compared to our model that assumes them to be equal. We investigated the extreme case that only normal forces are transmitted through the plate contact. We found that, due to the geometry of the southern boundary of Eurasia in relation to the direction of absolute motion, the effect of variations in collision forcing is minimal after integration. The total continental collision torque (assuming equal forcing per metre boundary on the entire continental collision boundary) is shifted 10
• westwards, only.
Transform boundaries
Transmission of normal stresses along transform boundaries would rotate forcing away from the imposed direction of shear. This force, usually referred to as transform push was neglected in our study. It has been shown not to influence the dynamics of the Juan da Fuca Plate (Govers & Meijer 2001) . Adding a normal component at oceanic transform boundaries shifts the transform resistance torque northwards, potentially narrowing the edge force torque solution area at its southern boundary. However, its influence on the solution area is limited because continental collision forces also generate torques that lie in its southern part.
Continental boundary with North America
WR10 tested the sensitivity of the edge force solution area to boundary conditions on the unknown North America-Eurasia boundary segment and found the effect to be without significant consequences. Assuming that forces do not exceed the magnitudes along the remainder of the boundary, the orientation of the total continental collision torque shifts by a maximum of 10
• when the North America-Eurasia boundary segment is added to it. (Argus & Gordon 1991 ) (red star). Ellipses indicate uncertainty to mantle flow parameters for models that fulfil the torque balance constraint. Sum torques of active shear and LBFs generally fall into the shaded black ellipse, realistic models are confined to the black area. Red shaded area confines orientation of torques that can deviate the motion generated by active shear and LBFs towards the observed NNR motion. Continental collision on Eurasia's southern boundary complies. For key model forces see Table A2 .
Torques of all edge forces may furthermore be affected by lateral variations in forcing, which are not taken into account in our simple parametrization, but may be considerable (Iaffaldano & Bunge 2009 ). We expect the largest lateral variations to occur along the continental collision contact, which accounts for the largest proportion of the boundary and where lateral variations in thickness of the plate contact are probable. We have therefore aimed to reduce the uncertainty that may arise from lateral forcing variations by allowing for different forcing magnitudes on continental collision segments as a function of the colliding plate. A test in which our different model forces were parametrized based on velocity-dependent forcing did not significantly alter the total edge force solution area, providing confidence that our conclusions are not too sensitive to the exact edge force distribution.
Due to the considerable uncertainties in assessing the imposed direction of forcing described, additional uncertainties in relative plate motion directions (DeMets et al. 1994) or exact plate boundary geometry are of second order and were not considered.
Overall, we conclude that local uncertainties in forcing affect the orientation of the total edge force torque only mildly and should not affect our conclusions regarding lithosphere-mantle coupling.
LBFs
By working with three LBF models, based on different assumptions regarding the compensation of topography at depth, we have aimed to cover the uncertainty range in LBFs on the Eurasian Plate. We realize this aim may not be fully achieved; especially the treatment of lateral variations in lithospheric mantle properties may have important effects that were not considered (Pascal 2006) . However, although the three models considered produce quite different force fields, their differences occur on small length scales compared to the plate's size and only mildly affect the resulting torque on Eurasia. This indicates the LBF torque on Eurasia is well constrained.
Mantle flow modelling
Our mantle flow calculations do not include LVVs. The role of LVVs on mantle flow and tractions at the base of the lithosphere has been extensively investigated in recent years (Becker 2006; Moucha et al. 2007; Ghosh et al. 2010) ; for a review see Becker & Faccenna (2009) . Viscosity variations of around one order of magnitude underneath oceanic and continental regions and stiff cratonic roots reaching up to 400 km depth have been shown to have an important effect on mantle dynamics in that they generate net rotation of the lithosphere (Zhong 2001; Becker 2006) , absent in mantle flow calculations lacking LVVs. Several studies, however, have indicated that the effect of LVVs on the generated flow field may be restricted (Becker 2006; Moucha et al. 2007 ). explicitly analysed the effect of LVVs in the uppermost mantle on excited tractions at the base of the lithosphere and found that the direction of shear varies little, although amplitudes scale with the viscosity increase at continental roots. Becker (2006) concludes that mantle flow models with prescribed plate motions result in similar flow fields in models with and without LVVs if the appropriate net rotation of the lithosphere with respect to the lower mantle is taken into account, and that LVVs only play a minor role in large-scale features.
Since our analysis concerns plate-scale quantities, the main uncertainty in our modelled mantle tractions likely results from neglecting net rotation of the lithosphere. Lithospheric net rotation has been estimated based on hotspot tracks (Gordon & Jurdy 1986; Wang & Wang 2001; Gripp & Gordon 2002; Steinberger et al. 2004; O'Neill et al. 2005; Torsvik et al. 2010) , mantle flow modelling (Zhong 2001; Becker 2006 ) and anisotropic constraints (Kreemer 2009; Conrad & Behn 2010 ) and consistently indicates a westward drift of the lithosphere. Although the magnitude of rotation remains uncertain, recent estimates all suggest a relatively slow rotation of 0.1 (Conrad & Behn 2010; Torsvik et al. 2010) . With Eurasia also moving slowly (0.24
• Myr −1 in the NNR reference frame), net rotation can potentially have a considerable effect on passive tractions at the base of the plate.
The Euler pole of lithospheric net rotation is approximately opposite to the pole of absolute motion of Eurasia in an NNR reference frame (Fig. 17) . Therefore, any net rotation effectively decreases Eurasia's absolute motion without affecting its direction. Because passive tractions mainly result from resistance against motion of the Eurasian Plate itself (see Fig. 3b ), we expect net rotation to simply reduce their magnitudes. Balance of the Eurasian Plate requires a specific ratio of passive and active tractions (Section 5), which means that active traction magnitudes required to balance the plate will scale accordingly. Net rotation will thus affect the absolute magnitude of mantle tractions but not their directions or the relative importance of active versus passive shear. Because net rotation decreases the magnitude of the mantle shear torque it reduces its share in the total dynamics of Eurasia to the advantage of LBFs. The magnitude of the edge force torque is determined by the sum of the mantle shear and LBF torques; hence, its relative contribution is preserved. We conclude that our results regarding the nature of lithosphere-mantle coupling and the relative importance of edge forces to the dynamics of Eurasia are rather insensitive to net rotation of the lithosphere. Our results for the absolute magnitude of balancing mantle tractions, however, are likely to decrease as a function of net rotation and should be regarded as upper limits.
C O N C L U S I O N S
We use mechanical equilibrium of Eurasia to analyse tractions arising from global convective mantle flow models in the light of lithospheric dynamics. We show that current modelling approaches of lithosphere dynamics and mantle flow can successfully be integrated into a new, single-plate scale, combined approach. Results obtained through this combined approach, some new and others confirming earlier results, have the added value of the more complete approach. Our analysis yields a range of mechanically consistent sets of forces acting on the Eurasian Plate, which provide insight in the role of the different forces in the dynamics of Eurasia. We conclude that: (i) Of the explored set of mantle anomaly models, mantle flow models based on S-wave tomography produce mantle tractions that meet the torque balance constraint for realistic radial viscosity profiles and v-ρ scaling. Subduction history models drive mantle flow that is too strong to fulfil the torque balance constraint, and can only balance Eurasia if downscaled. Mantle flow driven by a buoyancy field derived from P-wave anomalies produces tractions that do not balance the Eurasian Plate, regardless of viscosity or v-ρ scaling.
(ii) Torque balance can only be achieved in case torques arising from passive (i.e. plate motion driven) and active (i.e. mantle buoyancy driven) shear are of similar magnitudes. Therefore, we conclude that lithosphere-mantle coupling is equally governed by resistance to plate motion as by active forcing from the underlying mantle. On a local scale, however, tractions at the base of the 18 K. N. Warners-Ruckstuhl, R. Govers and R. Wortel lithosphere are dominated by active mantle flow due to their short wavelength character. Although the two shear contributions produce torques of similar magnitudes they do not balance each other.
(iii) A considerable net torque from edge forces is required to balance total mantle tractions and LBFs. This torque is stronger than the mantle and LBFs torques regardless of considered uncertainties. Hence, the largest contribution to Eurasia's dynamics is provided by forces originating on other plates and transmitted across plate boundaries. This result suggests that implicitly imposing a zero net torque contribution from edge forces, common in global models that solve for plate velocities, is inappropriate.
(iv) Our torque analysis shows that the largest uncertainties in mantle tractions at the base of the lithosphere arise from differences in flow magnitude rather than pattern between mantle flow models. Anomaly magnitudes in the tomographic/subduction history models, velocity-density scaling and viscosity all influence the relative magnitude of passive versus active tractions under the lithosphere, which is the key factor in fulfilling Eurasian torque balance. However, differences in mantle buoyancy patterns do remain significant and trade-off with v-ρ scaling and/or viscosity is only partial. Our results do not significantly depend on uncertainties regarding compensation of topography with depth.
(v) Although mantle flow and LBFs are the main drivers of Eurasia's absolute motion, continental collision at Eurasia's southern boundary significantly contributes by pushing the plate northwards. Depending on the assumed mantle flow parameters, averaged collision forces along the southern boundary of 2.7-5.0 × 10 12 N m −1 are required to match the observed direction of motion.
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A P P E N D I X A : DY N A M I C M O D E L S O F L B F s
The net horizontal force F generated by topography variations is the horizontal derivative of the GPE P, which is derived from the integrated vertical stress of a lithospheric column (Artyushkov 1973; Fleitout & Froidevaux 1982; Molnar & Lyon-Cean 1988) .
where z is depth (z = 0 at sea level), h is topography, L is the total depth, ρ is density and g is gravitational acceleration. In the case of isostatic equilibrium, L is the compensation depth at which pressure does not vary laterally. In our treatment of LBFs we allow for variations in dynamic support of the lithosphere by the mantle, expressed by pressure differences at depth L. Our results are sensitive to the choice of L, mainly in magnitude. To be consistent with mantle tractions obtained through mantle flow modelling assuming a constant lithospheric thickness of 100 km, the logical choice for L is 100 km. correlate with crustal thickness variations and occur on small length scale. To compare this field with normal stresses from mantle flow modelling (Fig. 3c , see main text), we apply a low-pass filter with the range corresponding to the mantle flow models (l max = 31, wavelength larger than 1300 m).
A3 Model Lithodens
In this model, we combine crustal thickness and density from 'Crust2.0' with normal mantle tractions from mantle flow modelling. In essence, this model is similar to model 'Crust2.0'. However, averaged densities of the lithospheric mantle are adapted so that pressure overload from the lithospheric column matches variations in normal stresses from mantle flow modelling at its base. Lithospheric columns are compared to 
Below sea level,
As we now have constant lithospheric densities, GPEs are given by the following: Above sea level,
Oceanic regions are treated in a way similar to model 'Crust2.0'. However, as for the continental regions we now adapt lithospheric densities to match pressure at depth L with normal traction components from the mantle flow model. 
